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ABSTRACT
Cancer therapeutics has seen an emergence and re-emergence of two metabolic fields in recent years, those of bioactive sphingolipids and
glycolyticmetabolism. Anaerobic glycolysis and its implications in cancer have been at the forefront of cancer research for over 90 years. More
recently, the role of sphingolipids in cancer cell metabolism has gained recognition, notably ceramide0s essential role in programmed cell death
and the role of the glucosylceramide synthase (GCS) in chemotherapeutic resistance. Despite this knowledge, a direct link between these two
fields has yet to be definitively drawn. Herein, we show that in a model of highly glycolytic cells, generation of the glycosphingolipid (GSL)
glucosylceramide (GlcCer) by GCSwas elevated in response to increased glucose availability, while glucose deprivation diminished GSL levels.
This effect was likely substrate dependent, independent of both GCS levels and activity. Conversely, leukemia cells with elevated GSLs showed
a significant change in GCS activity, but no change in glucose uptake or GCS expression. In a leukemia cell line with elevated GlcCer, treatment
with inhibitors of glycolysis or the pentose phosphate pathway (PPP) significantly decreased GlcCer levels. When combined with pre-clinical
inhibitor ABT-263, this effect was augmented and production of pro-apoptotic sphingolipid ceramide increased. Taken together, we have
shown that there exists a definitive link between glucose metabolism and GSL production, laying the groundwork for connecting two distinct
yet essential metabolic fields in cancer research. Furthermore, we have proposed a novel combination therapeutic option targeting two
metabolic vulnerabilities for the treatment of leukemia. J. Cell. Biochem. 116: 67–80, 2015. © 2014 Wiley Periodicals, Inc.
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The role of glycolytic metabolism in cancer has been extensively
studied since Otto Warburg published his landmark theory on

aerobic glycolysis in tumor cells over 80 years ago. The “Warburg
Effect” states that cancer cells take up increased glucose compared to
their non-transformed counterparts and preferentially utilize
glycolytic metabolism to produce ATP, even in the presence of
oxygen, a phenomenon termed aerobic glycolysis [Warburg, 1956].

Enigmatically, however, the alternative energetic pathway, oxida-
tive phosphorylation, produces significantly more ATP than aerobic
glycolysis per molecule of glucose. This begs the question: why do
cancer cells preferentially utilize glycolysis, which is a “less
efficient” pathway? Increased glycolytic metabolism is utilized to
provide the raw materials needed for rapid growth in the form of
anaplerotic substrates. These substrates are produced through
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shuttling of glycolytic pathway intermediates into a variety of
additional metabolic pathways, such as the pentose phosphate
pathway (PPP), the tricarboxylic acid (TCA) cycle, nucleotide
biosynthesis and glycogen synthesis [DeBerardinis et al., 2007,
2008; Vander heiden et al., 2009; Dang, 2012]. While increased
glycolytic flux has previously been tied to the production of
substrates for a myriad of anabolic reactions, one such area has been
largely unexplored, that of glycosphingolipid metabolism.

Sphingolipids are bioactive lipid molecules involved in both
regulation of membrane dynamics and intracellular signaling.
Among the cellular functions in which sphingolipids participate, the
best characterized is their role in programmed cell death, or
apoptosis. Treatment of cancer cells with chemotherapeutics elevates
levels of the pro-apoptotic sphingolipid ceramide in a multitude of
cancer cell lines during mitochondrial induced cell death [Haimo-
vitz-Friedman et al., 1997; Pettus et al., 2002]. In fact, generation of
ceramide is a prerequisite for many mechanisms of apoptotic cell
death [Jean-Philippe and Filippo, 2003; Siskind et al., 2010], and
reduction of cellular ceramide via metabolism to other sphingolipid
members is observed in drug-resistant cells [Itoh et al., 2003;
Gouaze-Andersson and Cabot, 2006]. Glucosylceramide (GlcCer) is
generated through the addition of UDP-glucose to ceramide by the

enzyme glucosylceramide synthase (GCS) and is the precursor
molecule for a vast network of complex glycosphingolipids (GSLs) (a
simplified overview of sphingolipid metabolism is outlined in Fig. 1).
GSLs themselves are associated with anti-apoptotic, pro-prolifer-
ative phenotypes in a variety of disease states [Chatterjee and Wei,
2003; Gouaze-Andersson and Cabot, 2006]. Elevated levels of GCS
and GlcCer are widely implicated in multi-drug resistance (MDR) in
many cancers [Gouaze-Andersson et al., 2007; Liu et al., 2013].
Furthermore, tumor cells have distinct GSL profiles compared to
non-transformed cells [Nohara et al., 1998], a phenotype associated
with aberrant cell–cell adhesion and intracellular signaling, which
play a significant role in tumor cell progression, metastasis, and
response to treatment [Hakomori and Zhang, 1997]. Therefore, GCS
has been an attractive target for the development of anti-cancer
pharmaceuticals as both a primary treatment and a combinatorial
treatment with cytotoxic therapies for the treatment of drug-
resistant malignancies [Chai et al., 2011].

Given that GCS utilizes UDP-glucose to generate GlcCer, it would
follow that increased glucose availability might elevate GSL levels.
Indeed, work in diabetic models does indicate a correlation between
glucose uptake and GSL production. In a mouse model of type 1
diabetes mellitus (DM1), both UDP-glucose [Needleman et al., 1968]

Fig. 1. An overview of sphingolipid metabolism. Formation of ceramide occurs through the de novo pathway (1), SM hydrolysis pathway (2), sphingomyelinase arm of the
salvage pathway (3), or b-glucocerebrosidase (GBA) arm of the salvage pathway (4). The ratio of ceramide to glucosylceramide is an important factor in the survival of cells.
Glucosylceramide is formed through addition of UDP-glucose to ceramide by glucosylceramide synthase (GCS) or the breakdown of lactosylceramide.
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and glycosphingolipid levels are elevated in the kidney in response
to increased plasma concentrations of glucose [Zador et al., 1993; el-
Khatib et al., 1996]. Conversely, inhibition of GSL production via
GCS improves glucose tolerance in animal models of DM1 [Zhao
et al., 2007]. Furthermore, reduction of GSL levels via inhibition of
GCS increases both glucose uptake and glycolytic metabolism in
leukemia cells [Ji et al., 1998], suggesting a compensatory
mechanism by which the cell restores GSL levels through increased
uptake and metabolism of the requisite substrates. Although these
studies establish a connection between glucose availability,
substrate production and GSL levels, they are inherently confounded
by either: (1) the presence of disease states, for which the presence of
external variables cannot be excluded or (2) the aberrant signaling
pathways characteristic of transformed cells which undoubtedly
influence glycolytic metabolism beyond glucose uptake.

Despite the fact that increased glucose availability is a hallmark of
most cancers and elevated GSLs are widely accepted as a prognostic
marker of cancer progression and metastatic potential, an objective
relationship between the two has yet to be drawn. Herein, we have
established a link between the distinct, yet clearly interrelated
metabolic fields of glycolytic and GSL metabolism. We demonstrate
that increasing glucose uptake in a non-transformed cell line is
sufficient to increase the GSL levels. Alternatively, withdrawing
glucose from these same cells causes a dramatic depletion in total
GSL levels. We provide evidence to show that in the absence of
aberrant intracellular signaling, this effect is mainly a substrate
driven process. Furthermore, inhibition of both glycolysis and the
PPP with targeted inhibitors 2-DG and 6-AN, respectively, depletes
GSL levels in the same model. We also present findings that this link
persists in hematological malignancies and that inhibition of
glycolytic and PPP metabolism influences GSL levels therein.
Finally, we show that in a leukemia cell model, metabolic inhibitors
2-DG and 6-AN synergize with pro-apoptotic BCL-2 inhibitor ABT-
263 in inducing apoptosis. Overall, these data demonstrate a clear
link between glucose uptake and utilization and the production of
GSLs.

MATERIALS AND METHODS

CELL CULTURE AND REAGENTS
FL5.12WT andHG cells were kindly provided byDr. Jeffrey Rathmell
(Duke University Medical Center, Durham, NC) [Rathmell et al.,
2003]. Human leukemia cells were purchased from ATCC. All cells
were maintained in HyClone RPMI 1640 (Thermo Scientific #SH
30027) medium containing 10% FBS supplemented with 2mM L-
Glutamine, 10mM HEPES (Gibco 15630–80) and 1� pen-strep
(Gibco 15140-122); FL5.12 cells were additionally supplemented
with 2 ng/ml recombinant mouse IL-3 and 1� b-mercaptoethanol.
FL5.12 cells were maintained in the log growth phase between
5� 105 and 2� 106 c/ml. Leukemia cells were maintained in the log
growth phase between 1� 105 and 2� 106 c/ml.

CELL VIABILITY ASSAY
Cells growing in the log phase were seeded in 96- well dishes (2,500
FL5.12, U937, or 5,000 OCI AML 3 or 7,500 K562 cells per well) and

immediately treated with the indicated drug concentrations in a total
volume of 200ml per well. All treatments were done in triplicate.
2-DG (#14325) and 6-AN (#10009315) were obtained from from
Cayman and ABT-263 (cat#CT-A263) from Chemietek (Indianapolis,
IN). Cells were incubated for 48 h and 10% (20ml) Alamar Blue
reagent (cat#DAL1100) from Invitrogen (Grand Island, NY) was
added. Plates were then further incubated for 4 h and the
fluorescence of Alamar Blue reduction was determined on a BioTek
HT Synergy plate reader (540 nm excitation, 594 nm emission).Wells
containing only complete RPMI media and vehicle plus 20ml of
Alamar Blue were averaged and subtracted from all experimental
readings. Drug treatment regimens were then normalized to either
vehicle treated cells or to wells containing only the IC30 of the
indicated drug. Each graph shown is a representative experiment of
at least three biological replicates.

WESTERN BLOT ANALYSIS
5� 106 cells were harvested and lysed in 350ml of RIPA lysis buffer
(NEBL #9806S) via sonication for 30 s. Protein concentrations were
determined using BCA protein assay reagent from Pierce (#23223
and #23224). 40mg of total protein was used for standard Western
blot procedure. Samples were boiled at 98° for 5min before being run
on SDS-PAGE gel (BioRad #345-0033) and transferred using the
iBlot Transfer System (Novex). Membranes were blocked in TBS-T
with 5% milk for 1 h at room temperature. Primary antibody was
added in the following dilutions: 1:1,000 anti-GLUT1 (Santa Cruz
#SC-7903), 1:2,500 anti-HK1 (Cell Signaling #2024); 1:10,000 anti-
actin (Sigma #A5441), 1:10,000 anti-tubulin (Sigma #T5168). Anti-
mouse and anti-rabbit were added at a dilution of 1:10,000.
Chemiluminescent detection was performed using Pierce ECL
Western Blot Substrate (#32106) from Thermo Scientific according
to manufacturer0s protocol.

INTRACELLULAR LIPID MEASUREMENT
5� 106 cells were seeded in 10 cm dishes containing complete RPMI
without antibiotics and treated with the indicated drug(s) or
appropriate vehicle in biological triplicates. At the indicated times,
cells were harvested, washed two times in 5mL of ice cold PBS, then
cell pellets were snap frozen in liquid nitrogen. Quantification of
sphingolipid species was performed by the Lipidomics Core Facility
at the Medical University of South Carolina (MUSC) on a Thermo
Finnigan TSQ 7000, triple-stage quadrupole mass spectrometer
operating in a Multiple Reaction Monitoring (MRM) positive
ionization mode as described [Bielawski et al., 2006]. Excess lipids
were obtained and extracted using the Bligh and Dyer method. Data
were normalized to either total lipid phosphate or cell number, as
indicated.

IN SITU GLUCOSYLCERAMIDE SYNTHASE ACTIVITY ASSAY
5mg NBD-C6-Ceramide complexed with BSA (Life Technology
#N22651) was dissolved in 150ml sterile dH2O (0.5mM NBD-C6-
Ceramide and 0.5mM BSA) and stored at �20°C. 1� 106 cells were
plated in a 6-well plate in 2ml of complete RPMI 1640 media. 20mM
PDMP was added to the appropriate wells; remaining cells received
DMSO as vehicle. Cells were incubated for 2 h at 37°C. All cells then
received 2mM of NBD-C6-Ceramide and were incubated at 37 °C for
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30min. Cells were collected, spun at 1,000�g for 5min at 4 °C, and
supernatant was removed. Cells were washed 1� by adding ice-cold
PBS (1,000�g, 5min, 4 °C). Supernatant was removed. Lipids were
extracted by Bligh and Dyer method [Presley et al., 1993]. Briefly,
cells were resuspendedwith 260ml of ice-cold PBS and transferred to
glass tubes. 666ml of methanol was added to the cells and vortexed
2� 30 s. Cells were then kept on ice for 10min. 333ml of chloroform
and 333ml of water was added to tubes, which were vortexed
two times for 30 s then spun at 3,000 rpm for 5min at room
temperature. The lower phase (containing the lipids) was transferred
to a new set of glass tubes and lipids were dried down by nitrogen
gas. Lipids were then resuspended in 30ml of chloroform/
methanol (2:1 v/v) and loaded onto HP-TLC plates (Millipore
#1.05644.0001) for separation. NBD-glycosphingolipids were used
as standards. The chromatogram was developed in a solvent system
consisting of chloroform/methanol/30%ammonium hydroxide/
water (350:150:18:7 by volume). TLC plates were scanned on a
BioRad phosphorimager. Band density was quantified by Quantity
One software (count/mm2). NBD-GlcCer are normalized to total
(NBD-CeramideþNBD-GlcCer), and the normalized to total cell
number and time.

QUANTITATIVE REAL-TIME REVERSE TRANSCRIPTION PCR
Total RNA was extracted using EZNA Total RNA Kit I (OMEGA bio-
tek #R6834) according to the manufacturer’s protocol. The
concentration and quality of total RNA preparations were evaluated
by NanoDrop. cDNA was synthesized from 1 ug of total RNA using
the iScript cDNA Synthesis Kit for first-strand synthesis (BioRad #
170-8890). Quantitative real-time PCR (qPCR) was performed on a
Bio-Rad CFX96 Real-Time detection system using SsoFast EvaGreen
Supermix (BioRad # 172-5202). Standard reaction volume was 25ml
containing 12.5ml Supermix, 9.5ml dH2O (Sigma), 400 nM specific
oligonucleotide primers, and 25 ng of cDNA template. b-Actin was
used as reference gene. Reaction was carried out as follows for
UGCG, GBA, and b-actin: enzyme activation 95 °C, 30 s; denatura-
tion 95 °C, 5 s; annealing 60 °C 5 s; 40 cycles total. Primers were
validated for temperature and efficiency prior to use in qPCR. Primer
sequences are as follows:

hACTB: ATTGGCAATGAGCGGTTCC (F), GGTAGTTTCGTGGAT-
GCCACA (R)

hUGCG: GAATGGCCGTCTTCGGGTT (F), AGGTGTAATCGGGTG-
TAGATGAT (R)

hGBA: CCGATGGCTCTGCTGTTGTG (F), CAGGTAGGTGTGAAT-
GGAGTAGC (R)

mACTB: AGATTACTGCTCTGGCTCCTAG (F), CCTGCTTGCTGA-
TCCACATC (R)

mUGCG: CCTTGTTCGGCTTCGTGCTCTTC (F), TGCTATACGGCT-
GTTTGTCTGTTGC (R)

mGBA: TGGATGCTTATGCTAAGTATGG (F), CACGGGAAATGA-
AGTCTCTCTG (R)

GLUCOSE UPTAKE
1� 106 cells were plated in glucose-free RPMI 1640 media
supplemented with 10% dialyzed FBS. Cells were incubated for
30min to allow equilibration with media. Following incubation,
cells were given 25ml of 14C deoxy-glucose (0.1mCi/ml) for 1 h, then

washed three times with ice cold PBS. Cells were lysed in 500ml 0.1%
SDS. 400ml of lysate was added to 5ml Microscint 40 scintillation
fluid (Perkin Elmer) and counts were measured on a Tri-Carb 2910
liquid scintillation analyzer (Perkin Elmer). Remaining lysate was
quantitated with the BCA Assay as described above. Counts were
normalized to mg protein concentration.

STATISTICAL ANALYSIS
A one-way ANOVA with Halm-Sidak posttest was used for samples
n> 2. A two-tailed t-test was used for samples where n¼ 2. Unless
otherwise indicated: all data points represent the compilation of at
least three biological triplicates; data are represented as average
�SD; dose-response graphs are a representative graph of an
experiment conducted in triplicate; * P< 0.05.

RESULTS

GLUCOSE AVAILABILITY DICTATES GLYCOSPHINGOLIPID LEVELS IN
HIGHLY GLYCOLYTIC CELLS
To determinewhether glucose availability in and of itself is sufficient
to drive GSL production, we utilized the IL-3 dependent FL5.12
hematopoietic progenitor cell line over-expressing glucose trans-
porter Glut-1 and the rate-limiting glycolytic enzyme HK-1 (herein
FL5.12 HG) [Rathmell et al., 2003] (Fig. 2A). This cell line represents a
model of highly glycolytic cells independent of the intracellular or
extracellular aberrations observed in disease states. As expected,
FL5.12 HG cells took up 83-fold more glucose as compared to their
wild-type counterparts (Fig. 2B). Furthermore, over-expression of
HK1 in HG cells led to a significant decrease in sensitivity to
treatment with the HK-1 competitive inhibitor 2-DG (IC50¼ 0.33mM
vs 1.7mM for wild-type and HG, respectively) (Fig. 2C). This was
further confirmed by treatment of both cell lines with a single dose
2-DG and determination of relative cell viability. At 1mM of 2-DG
the cell growth of wild-type cells was inhibited by 65%, whereas HG
cells were inhibited only 27% (Fig. 2D).

Previous studies indicated that increased glucose availability
resulted in increased GSL levels in DM1 mice [Zador et al., 1993].
Therefore, we assessed if the same phenomenon would occur in our
model of highly glycolytic cells. Indeed, increased glucose
availability resulted in elevated GSL levels in HG cells compared
to wild-type (Fig. 3A). This led us to question whether glucose
withdrawal would correspondingly decrease GlcCer levels. Indeed,
wild-type cells withdrawn from glucose for 18 h showed a marked
decrease in GlcCer levels compared to cells continuously cultured in
glucose (Fig. 3B). To investigate the extent to which glucose
availability impacts enzymatic GlcCer formation, we measured the
expression and activity of GCS and b-Glucocerebrosidase (GBA), the
enzymes responsible for the anabolic and catabolic formation of
GlcCer, respectively. Although GlcCer levels were dramatically
elevated in HG cells over wild-type, increased glucose availability
did not significantly alter the expression of GCS or GBA (Fig. 3C).
Moreover, GCS activity did not increase over wild-type in HG cells
(Fig. 3D). Collectively, these data indicate that glucose availability
plays a role in controlling GSL levels. Furthermore, in non-
transformed cell lines increased GSL production appears to be a
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substrate driven process relatively independent of GCS expression or
activity.

INHIBITORS OF GLYCOLYTIC METABOLISM AND THE PENTOSE
PHOSPHATE PATHWAY DECREASE GLYCOSPHINGOLIPID LEVELS
Given that glucose availability plays a clear role in GSL formation
(Figs. 2B and 3A), we determined whether selective inhibition of the
rate-limiting enzymes of bioenergetic pathways downstream of
glucose uptake would decrease GSL levels. To this effect, we utilized
2-DG, a glycolytic inhibitor which targets hexokinase and 6-AN, a
PPP inhibitor which targets glucose-6-phosphate dehydrogenase
(G6PD). FL5.12 cells were treated in a dose response manner with 2-
DG (Fig. 2C) or 6-AN (data not shown) to establish the respective IC50
of each cell line for these inhibitors. WT and HG cells were then
treated for 8 h with 2-DG IC50 or 6-AN IC50 and total hexosylcer-
amide (glucosyl- and galactosylceramide) levels were measured via
HPLC-MS/MS. As shown in Fig. 4, hexosylceramide levels
significantly decreased following treatment with 2-DG in both WT
and HG cells. Treatment with 6-AN significantly decreased

hexosylceramide levels in WT cells, however this effect was blunted
in HG cells (mean overall decrease of 24% vs 7%, respectively). It
should be noted, however, that specific chain lengths of hexosylcer-
amides, namely C16 and C22, significantly decreased in response to
6-AN treatment in HG cells.

Overall, these data support the hypothesis that GSL levels are at
least in part influenced by the production of substrates produced via
glycolysis and the PPP.

GLYCOSPHINGOLIPID LEVELS IN LEUKEMIA CELLS ARE PRIMARILY
DICTATED BY GCS ACTIVITY
FL5.12 HG cells provided an excellent, syngeneic in vitro model for
establishing a relationship between increased glucose availability
and GSL production; however, inherently lacked the aberrations in
intracellular signaling present in cancer cells. In order to determine if
this relationship persisted in neoplastic cells, we utilized four
leukemia and lymphoma cell lines (collectively “leukemia” cell lines
for simplicity), U937, OCI AML3, RAJI, and HEL (Fig. 5A). Baseline
GlcCer levels were measured via HPLC-MS/MS. GlcCer levels were

Fig. 2. FL5.12 cells overxpressing GLUT1 and HK1 are highly glycolytic. (A) FL5.12 HG cells stably overexpress glycolytic enzymes GLUT1 and HK1. Overexpression of integral
membrane protein GLUT1 and HK1 was confirmed by Western blot. HK1 is not endogenously expressed in wild-type FL5.12 cells. GLUT1 was overexpressed in the pSFFV vector
using rat GLUT1 cDNA. Rat and mouse GLUT1 proteins have slightly different molecular weights due to variations in their amino acid sequence, thus ran at different apparent
molecular weights on SDS page gel and present as separate bands. (B) FL5.12 WT and HG cells were grown in glucose-free media for 1 h, incubated with 14C 2-D-deoxy-glucose
for 1 h, then collected and counted by scintillation. FL5.12 HG cells took up significantly more glucose than their WT counterparts. (C) Relative cell viability as a function of 2-DG
treatment. Cells were treated for 48 h with 2-DG (0.06–150mM) FL5.12, then measured for cell viability via AlamarBlue reduction. HG cells are more resistant to treatment with
HK-1 competitive inhibitor 2-DG vs wild-type cells (IC50¼ 0.33mM vs 1.7mM for wild-type and HG, respectively, at 48 h). (D) FL5.12 cells were treated for 48 h with 1mM 2-
DG and cell viability was measured using AlamarBlue reagent. Wild-type cells are significantly more sensitive to 2-DG treatment than HG cells (65% reduction in cell viability vs
27% in wild-type and HG, respectively). Graph B represents duplicate samples, n¼ 2.
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elevated in U937 and OCI AML3 cell lines and decreased in RAJI and
HEL, when compared to cultured, proliferating human cord blood
CD34þ cells (Fig. 5B). Given that increased glucose availability
correlated with increased GlcCer levels in our model of highly
glycolytic FL5.12 cells, we examined whether leukemia cells with
elevated GlcCers also took up more glucose. Indeed, U937 and OCI
AML3 cells took up elevated, albeit non-significant amounts, of
glucose compared to RAJI and HEL cells (Fig. 5C).

To elucidate the extent to which glucose availability correlates
with enzymatic GlcCer production in these cell lines, we again
measured GCS expression and activity. Similar to FL5.12 cells, there
was no significant change in the mRNA expression of either GCS or
GBA across the leukemia cell lines (Figs. 6A and 6B). In contrast to
FL5.12 cells, however, GlcCer levels positively correlated with GCS
activity in our panel of leukemia cells, in that cell lines with elevated
GlcCer (U937 and OCIAML3) had increased GCS activity compared to
those with low GlcCer levels (RAJI and HEL) (Fig. 6C). Collectively,

these results suggest that increased GlcCer levels in leukemia cell
lines may be primarily influenced by increased GCS activity. Glucose
availability may also influence baseline GlcCer levels in some
leukemia cells, perhaps through the production of substrates formed
during and downstream of glucose metabolism.

INHIBITORS OF GLYCOLYTIC METABOLISM AND THE PENTOSE
PHOSPHATE PATHWAY SYNERGIZE WITH ABT-263 TO INCREASE
CERAMIDE:GLYCOSPHINGOLIPID RATIOS
Anti-apoptotic BCL-2 family proteins are upregulated in many
cancers, especially leukemias [Placzek et al., 2010]. We have shown
previously that that PDMP, an inhibitor of GCS activity, sensitizes
U937 cells to treatment with ABT-263, a small molecule inhibitor of
anti-apoptotic BCL-2 family proteins Bcl-2, BCL-xL, and Bcl-w
[Casson et al., 2013]. To evaluate whether inhibition of the proposed
metabolic pathways upstream of GSL formation also synergize with
ABT-263 to kill leukemia cells, we tested the combination of 2-DG or

Fig. 3. Glucosylceramide levels are elevated in a model of highly glycolytic cells. (A,B) Total cellular glucosylceramide levels were measured via HPLC-MS/MS. (A) FL5.12 HG
cells, normalized to wild-type FL5.12 cells, were determined by HPLC-MS/MS. FL5.12 HG cells show an increase in both short-chain and long-chain glucosylceramide levels. (B)
FL5.12 wild-type cells were cultured in the absence of glucose for 18 h and the total amount of cellular glucosylceramides was determined by HPLC-MS/MS. Glucose withdrawal
markedly decreased glucosylceramide levels as compared to non-glucose withdrawn cells. (C) FL5.12 cells were grown for 24 h in complete media then analyzed for expression of
GCS and GBA via qPCR. WT expression was set to 1.0 and HG expression was normalized to wild-type. GCS and GBA expression decreased compared to wilt-type cells. (D) GCS
activity was measured in FL5.12 wild-type and HG cells. Cells were grown in complete media for 2 h, then measured for GCS activity via addition of NBD-ceramide and separation
on TLC. GCS activity in HG cells was slightly elevated compared to wild-type. Addition of PDMP to HG cells ablated GCS activity, as expected. Graphs B and D represent duplicate
samples, n¼ 2.
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6-AN with ABT-263 in U937 cells. Cells were treated in a dose-
response manner for 48 h, either with increasing doses of 2-DG and
the IC30 ABT-263 or vice versa (Fig. 7A). The same treatment pattern
was followed using 6-AN and ABT-263 (Fig. 7C). The presence of 2-
DG or 6-AN significantly decreased the dose of ABT-263 required to
induce cell death. The IC50 for ABT-263 alone was 5mM, however
upon addition of 2-DG decreased 12.5-fold to 0.4mM, and decreased
even more dramatically in combination with 6-AN, from 5mM to
0.15mM, a 37-fold reduction. The same phenomenon was observed
when ABT-263 was added at a constant dose to increasing doses of
2-DG or 6-AN (Figs. 7B and D), reducing the IC50 by 14- and 18-fold,
respectively.

If 2-DG and 6-AN blocked metabolic pathways necessary for the
production of requisite GlcCer substrates, then treatment of cells
with these inhibitors should cause a significant decrease in the total
levels of GlcCer. Ceramide, GlcCer, and lactosylceramide levels were
measured via HPLC-MS/MS following treatment for 8 h with 2-DG,

6-AN, and ABT-263 alone or in combination. Increases in
intracellular ceramide are a hallmark of apoptotic cell induction
[Haimovitz-Friedman et al., 1997; Pettus et al., 2002]. Indeed,
following treatment with ABT-263, which induces cell death
through induction of mitochondrial-induced apoptosis, ceramide
levels significantly increased (Figs. 8A and B). Furthermore, upon
addition of 2-DG (Fig. 8A) or 6-AN (Fig. 8B), ceramide levels
synergistically increased compared to ABT-263 alone. As expected,
2-DG or 6-AN alone did not significantly increase ceramide levels,
given that at low concentrations they inhibit cell growth rather than
induce apoptosis [Pelicano et al., 2006]. Notably, however, 2-DG and
6-AN caused a dramatic drop in GlcCer levels by 45% and 23%,
respectively, a decrease further augmented by addition of ABT-263
(an additional 20% and 40%, respectively) (Fig. 8). The role of
lactosylceramide in cell death is not as clear; however, it is worth
noting that treatment with 6-AN, not 2-DG, decreased lactosylcer-
amide levels, as well (Fig. 8).

Fig. 4. Inhibition of FL5.12 cells with metabolic inhibitors depletes GSLs. FL5.12 WT and HG cells were treated with 2-DG IC50 (0.5mM vs 1.5mM for WT and HG, respectively)
or 6-AN IC50 (4.5mM vs 3mM for WT and HG, respectively) for 8 h. Total hexosylceramide levels were determined via HPLC-MS/MS and normalized to cell number. Long-chain
ceramides (C16-C20) and very long chain hexosylceramides (C22þ) are shown. 2-DG significantly decreased all hexosylceramide chain lengths in WT and HG cells, albeit a 10%
greater decrease was observed in HG cells (45% vs 56%, respectively). 6-AN significantly decreased hexosylceramide levels of all species in WT cells, however only C16 and C22
hexosylceramides were depleted in HG cells.
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Fig. 5. Glucosylceramide levels differ among a panel of leukemia cell lines. (A) Leukemia cell lines used in the present study. (B) Total cellular glucosylceramide levels were
measured by HPLC-MS/MS and normalized to cord blood cell line CB12011A. Glucosylceramide levels were elevated in U937 and OCI AML three cell lines and decreased below
baseline in RAJI and HEL cell lines. Levels of glucosylceramides correlated with glucose uptake in the leukemia cells. (C) Glucose uptake was measured in four leukemia cell lines.
Cells were grown in serum-free glucose-free media for 1 h, incubated with 14C 2-D-deoxy-glucose for one hour, then collected and counted by scintillation. Glucose uptake is
shown as absolute values. U937 and OCI AML3 took up more, although not significant, levels of glucose compared to RAJI and HEL cells.
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Fig. 6. GCS activity is increased in leukemia cell lines with elevated glucosylceramides. (A, B) Leukemia cells were cultured in complete media for 24 h and then analyzed for
expression of GCS and GBA by qPCR. (A) Levels of GCS mRNA were slightly (though non-significantly) decreased in high GluCer cells vs low GluCer cells (U937 and OCI AML3 vs
RAJI and HEL, respectively). (B) GBAMrna expression was not significantly different among the part of leukemia cells. (C) GCS activity was measured in leukemia cells. Cells were
grown in complete media for 2 h, then analyzed for GCS activity via addition of NBD-ceramide and separation by TLC. GCS activity was significantly elevated in high GlcCer cells
compared to low GlcCer cells (U937, OCI AML 3 vs RAJI, HEL, respectively). Addition of PDMP to U937 cells ablated GCS activity, as expected.

Fig. 7. Inhibitors of glycolytic metabolism and the PPP synergize with an inhibitor of anti-apoptic BCL2 proteins. (A,B) 2-DG synergizes with ABT-263 in killing U937 cells.
U937 cells were incubated for 48 h with (A) increasing doses of 2-DG plus either vehicle or ABT-263 IC30 (5mM) or (B) increasing doses of ABT-263 plus vehicle or IC30 2-DG
(1.7mM) for 48 h. The relative number of viable cells was determined using reduction of AlamarBlue reagent. (C,D) U937 cells were incubated for 48 hwith (C) increasing doses of
6-AN plus vehicle or IC30 (5mM) of ABT-263 or (D) increasing doses of ABT-263 plus vehicle or the IC30 of 6-AN for 48 h. Cell viability was determined using reduction of
AlamarBlue reagent. Doses: 2-DG: 33mM to 170mM; 6-AN: 13.3 nM to 170mM; ABT-263: 2.7 nM to 18mM.
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These data further support the hypothesis that both glycolysis and
the PPP are instrumental in providing substrates for GlcCer
formation. Furthermore, nutrient deprivation via metabolic inhib-
ition synergizes with ABT-263 in inducing cell death via ceramide
accumulation within the cell, data which is consistent with many
other studies showing that metabolic inhibition of cancer cells
primes for cell death induction via cytotoxic inhibitors [Maschek
et al., 2004; Dwarakanath, 2009; Aghaee et al., 2012].

DISCUSSION

A limited amount of data exists linking glucose availability to the
production of GSLs, the seminal work performed by the Shayman
group [Zador et al., 1993; el-Khatib et al., 1996] in rat models of
DM1. Furthermore, this association has never been shown outside of
a metabolic disease state or in neoplastic cells. In the present study
we have shown that there exists a definitive link between glucose
availability and GSL formation, independent of aberrant intra-
cellular signaling pathways or the influence of the extracellular
environment of disease states. Glucose transporter 1 (GLUT1) and
Hexokinase II (HK2) are often overexpressed in response to
oncogenic signaling pathways to support the increased reliance
on aerobic glycolysis [Pedersen et al., 2002; Macheda et al., 2005].
Accordingly, many cancers, solid tumors and blood cancers
inclusive, take up elevated amounts of glucose and thus can be
considered highly glycolytic [Warburg, 1956; Hsu and Sabatini,
2008; Lunt and Vander Heiden, 2011]. Our model of highly
glycolytic cells, FL5.12 HG, overexpressed both Glut-1 and HK2 in
a non-transformed hematopoietic cell line (Fig. 2A), which increased
glucose uptake (Fig. 2B) and significantly elevated GlcCer levels
(Fig. 3A). On the other hand, glucose withdrawal in wild-type FL5.12
cells correspondingly decreased GlcCer levels below baseline levels
of non-withdrawn cells (Fig. 3B). Interestingly, C14 showed a
markedly stronger decrease upon glucose deprivation compared to

other species. Extensive data suggests that ceramide-derived species
of varying fatty acyl chain lengths have unique roles in cellular
processes [Mullen et al., 2011; Grosch et al., 2012; Hartmann et al.,
2013]. Given that glucose withdrawal has been shown to induce
autophagy [Jones, 2009], a process which ceramide has been shown
to play a key role in [Grosch et al., 2012], it is possible that either
C14-GlcCer is a negative regulator of autophagy and was thus
decreased, or a product downstream of its degradation positively
regulates this process. Overall, these data support our hypothesis that
glucose availability in and of itself can directly influence GSL levels.
We found that this is primarily a substrate-driven process, given that
neither expression nor activity of GCS, the enzyme responsible for
GlcCer formation, was significantly altered between the two cell
lines (Figs. 3C and D).

Leukemia and lymphoma are umbrella classifications for complex
and heterogeneous groups of bone marrow- and lymphatic-derived
malignancies, respectively, each with its own unique aberrations in
cellular signaling and metabolic profiles. As such, we chose to study
the relationship between glucose metabolism and GSL levels
irrespective of genetic background in a panel of leukemia and
lymphoma cell lines (U937, OCI AML3, RAJI, HEL) (Fig. 5B). Given
that cancer cells are already highly glycolytic in nature, it is not
surprising that a significant difference in glucose uptake was not
observed between the leukemia cell lines and that GlcCer levels are
not entirely dependent on its uptake (Fig. 5C), although from the data
it could be inferred that differential uptake may play a role. On the
other hand, we found that GCS activity is significantly increased in
cell lines with elevated GlcCer levels. This is in contrast to FL5.12 HG
cells, in which glucose uptake directly corresponded to GlcCer levels,
without significantly altering GCS expression or activity. Overall,
these data indicate that other mechanisms may be at play in
transformed cells in addition to regulation of substrate uptake and
GCS enzyme expression. As the following data would indicate, this
may be related to shunting of glucose into pathways essential for
GlcCer and GSL production in cell lines with elevated GSL levels.

Fig. 8. Inhibitors of glycolytic metabolism and the PPP synergize with an inhibitor of anti-apoptotic BCL2 proteins to increase ceramide:glycosphingolipid ratios. (A) U937 cells
were treated with vehicle (DMSO), ABT-263 IC30 (5mM), 6-AN IC30 (1.7mM), or the combination of 6-AN and ABT-263 at their respective IC30. (B) U937 cells were treated
vehicle (DMSO), ABT-263 IC30, 2-DG IC30, or the combination of 6-AN and ABT-263 at their respective IC30. Treatment with ABT-263 significantly increases ceramide levels but
does not decrease glucosyl- or lactosylceramide levels. Treatment with 6-AN and 2-DG increase ceramide levels slightly, though not significantly, but do cause a significant
decrease in glucosylceramide levels. Treatment with ABT-263 in combination with 2-DG or 6-AN causes a significant augmentation of ceramide levels over ABT-263 alone and
significantly decreases glucosylceramide levels over 2-DG or 6-AN alone. 6-AN, but not 2-DG, significantly decreases lactosylceramide levels. All data points represent the
compilation of three biological triplicates.
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GCS catalyzes the formation of GlcCer from ceramide and UDP-
glucose, suggesting that GlcCer levels may be influenced by glucose
availability and that inhibition thereof would deplete its levels.
Indeed, inhibition of glycolysis with 2-DG significantly depleted
GSLs in WT FL5.12 cells, even more so in their HG counterparts
(Fig. 4). Interestingly, targeting the PPP with 6-AN also significantly
depleted GSLs in WT cells, however had very little effect in HG cells.
We propose this discrepancy is the product of heterogeneous degrees
of glucose uptake and the effects of targeting different stages of
metabolism downstream thereof. Inhibition with 2-DG blocks
glycolysis and all biosynthetic pathways downstream of glucose-
6-phosphate, including the PPP, TCA cycle, fatty acid synthesis, and
glycogen synthesis (see Fig. 9 for schematic). As such, both WT and
HG cells would theoretically experience the same level of substrate
depletion at their respective IC50. On the other hand, 6-AN
preferentially targets the PPP, leaving other biosynthetic avenues
open to produce the substrates needed to maintain elevated GSL
levels. Due to the marked increase in glucose uptake in HG cells,
blockade of the PPP may drive excess metabolites into other
pathways and thus provide the requisite substrates for GSL synthesis.

In contrast to our non-transformed highly glycolytic model, one
of the main advantages of aerobic glycolysis in neoplastic cells is the
production of intermediates for shunting into anaplerotic pathways
to support a requisite increase in biomass. We hypothesized that one
such biosynthetic pathway supported by this metabolic trans-
formation is GSL synthesis, given the essential role of GSLs both in
membrane composition [Lingwood, 2011] and tumor progression
[Hakomori, 1996; Liu et al., 2013]. Consistent with our findings in
non-transformed cells, 2-DG significantly depleted overall GSL

levels in U937 cells (Fig. 8A). On the other hand, 6-AN caused a
significant, albeit less marked as compared to 2-DG, decrease in GSL
levels in this cell line (Fig. 8B). Overall these results suggest that in
neoplastic cells, elevated glucose uptake may increase flux into
pathways downstream of glycolysis provide the requisite substrates
for production of GSLs.

In the present study we have provided strong evidence correlating
glucose availability and GSL synthesis: (1) increased glucose uptake
leads to increased GSL levels; (2) glucose withdrawal depletes GSL
levels; and (3) inhibition of metabolic pathways such as glycolysis
and the PPP reduce GSL levels in both non-transformed and
transformed cell lines. On the basis of the following observations, we
hypothesize that in addition to producing intermediates for
biosynthetic reactions which fuel the highly proliferative state of
cancer cells, formation of these substrates also serves to increase the
production of GSLs via GCS. An overview of the proposed
mechanism is provided in Figure 9. Briefly, through shunting into
the PPP, glucose provides intermediates such as ribose-5-phosphate
for synthesis of nucleotides such as UTP. Furthermore, glucose-6-
phosphate may in turn be metabolized to glucose-1-phosphate,
which is combined with UTP to form UDP-glucose (releasing PPi). In
support of this mechanism, evidence has shown that increased
glucose uptake also leads to increased flux into glycogen synthesis
[Kroemer and Pouyssegur, 2008], which is elevated both at baseline
and in response to external stress in the neoplastic cell [Cori and Cori,
1925; Tsavachidou et al., 2010; Iida et al., 2012]. Furthermore,
increased glucose availability has been previously shown to increase
intracellular UDP-glucose levels in the kidney in rat models of
diabetes [Needleman et al., 1968; Spiro, 1984], an increase which

Fig. 9. Schematic representation for the proposed mechanism of glycosphingolipid production via formation of substrates from glycolysis and the PPP in highly glycolytic cells.
Certain leukemia cells take up elevated levels of glucose, leading to increased flux through glycolysis and into the pentose phosphate pathway, glycogen synthesis, nucleotide
biosynthesis, and the TCA cycle. We hypothesize that increased flux into these pathways leads to the production of the rate-limiting substrates necessary for glycosphingolipid
formation, namely, fatty acyl CoA, UDP-glucose, and NADPH. Inhibitors used in the present study are shown in red and enzymes overexpressed in the FL5.12 cell line are
highlighted in yellow.
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was later shown to elevate GSL levels [Zador et al., 1993; el-Khatib
et al., 1996]. In that study, it was hypothesized that UDP-glucose is
utilized by GCS to form GlcCer through its addition to ceramide in
diabetic conditions within the kidney. Similarly, we hypothesize that
in highly glycolytic cells, such asmany cancers, one role of increased
glucose uptake is to form UDP-glucose for use by GCS to form
GlcCer, in an attempt to deplete ceramide levels and evade apoptosis.
It is also plausible that other pathways could play a role in GlcCer
formation, such as generation of NADPH for use as a cofactor in de
novo ceramide synthesis or fatty acid synthesis for use in the former.
The PPP has also been implicated in the transformed phenotype of
cancer cells [Buchakjian and Kornbluth, 2010]. Furthermore,
glucose-derived pyruvate is utilized by the TCA cycle in transformed
cells for production of anaplerotic intermediates such as citrate for
fatty acid synthesis [DeBerardinis et al., 2007], a mechanism which
would support an increase in overall production sphingolipids,
including GlcCer. Future work in this area will focus on the exact
substrates elevated in cancer cells in response to increased glucose
availability for GlcCer formation, although we speculate that these
will include: UDP-glucose, palmitoyl-COA, fatty acids, and NADPH.

Numerous studies have shown that cancer cells present with
unique GSL profiles compared to non-neoplastic cells [Hakomori,
1992; Hakomori, 1996; Hakomori and Zhang, 1997; Nohara et al.,
1998] Furthermore, elevated GSLs are considered a hallmark of
resistance to treatment and cancer aggressiveness [Hakomori, 1996].
GlcCer, the entry point into the synthesis of all higher order complex
GSLs (Fig. 1), is synthesized by GCS. As such, GCS has become a
target of interest in combatting multidrug resistance (MDR) [Kartal
Yandim et al., 2013]. Prior data in our lab showed that PDMP, a
ceramide-analog inhibitor of GCS, synergizes with ABT-263, an
inhibitor of pro-apoptotic BCL-2 like proteins, in inducing apoptosis
in leukemia cells [Casson et al., 2013]. In the present study we
showed that both 2-DG and 6-AN, inhibitors of glycolysis and the
PPP, respectively, also synergized with ABT-263 in U937 cells.
Furthermore, treatment with 2-DG and 6-AN significantly reduced
GlcCer levels, which were further decreased upon co-treatment with
ABT-263. ABT-263 alone increased the pro-apoptotic lipid ceram-
ide, an effect which was significantly augmented upon addition of 2-
DG or 6-AN. Notably, neither 2-DG nor 6-AN increased ceramide
levels significantly on their own, indicating that these twometabolic
inhibitors act synergistically to augment the effect of ABT-263.

Current standard of care in many cancers focuses on targeting the
highly proliferative phenotype of cancer cells with genotoxic drugs
such as platinums, anthracyclines, and pyrimidine analogs, among
others. However, these therapies are limited by the near inevitability
of acquired resistance and metastatic relapse [Rebucci and Michiels,
2013], often of a more aggressive phenotype and poor patient
outcome [Dylla et al., 2008; Li et al., 2008; Loges et al., 2009; Milone
et al., 2013]. By utilizing therapeutics which do not rely solely on
targeting rapid proliferation, that is, genotoxic therapies, but instead
which target other intrinsic properties of malignant cells, it may be
possible to avoid development of MDR and subsequent relapse. Such
is the theory behind the combination of 2-DG and ABT-263, in that
this treatment targets two independent weaknesses that are nearly
ubiquitous among cancer cells: dependence on aerobic glycolysis
and overexpression/dependence on an intracellular target (Fig. 7). It

has been shown that the anti-apoptotic subfamily of BCL-2 proteins
is overexpressed in a large amount of leukemia subtypes [Placzek
et al., 2010; Lagadinou et al., 2013]. The combinatory therapy of 2-
DG and ABT-263 has already proven effective in vitro and in vivo in
many tumor-based malignancies [Yamaguchi et al., 2011], and we
have now shown in the present study that this combination of
therapeutics could also serve as an effective treatment option in
leukemias.
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